ABSTRACT Background: Dietary monounsaturated fat (MUFA) and complex carbohydrates have different effects on triglyceride-rich lipoprotein (TRL) metabolism. Objective: We hypothesized that apolipoprotein (apo) E and apo C-III might be involved in these dietary effects because of their crucial role in TRL metabolism. Design: Twelve adults consumed, for 3 wk each, 2 isocaloric diets: first a carbohydrate-rich diet (48% complex carbohydrate, 8% MUFAs) and then a MUFA-rich diet (31% complex carbohydrate, 24% MUFAs) 12 mo later. The dietary composition of other macronutrients in the 2 diets was similar. Body weight was kept constant. Postprandial apo B kinetic studies using stable-isotope tracers were performed after each dietary intervention. Multiple VLDL, intermediate-density lipoprotein (IDL), and LDL fractions were prepared on the basis of apo E and apo C-III contents. Results: The MUFA diet increased by Ȃ4 -6-fold, the secretion of VLDLs and IDLs containing both apo E and apo C-III (EѿCIIIѿ) (P 0.05). These are TRLs that mostly cleared from the circulation and are minor precursors of LDL. The MUFA diet also decreased by 60% (P 0.05) the secretion of the TRLs without apo E or apo C-III (major precursors of LDL in plasma) and decreased their flux to LDLs. Total LDL flux did not change because the MUFA diet increased the flux to LDL from EҀCIIIѿ TRLs, a process that requires the removal of apo C-III. In addition, the MUFA diet significantly increased the TRL fractional catabolic rate by 50% and doubled the percentage of TRLs that were cleared rather than being converted to LDLs. Conclusion: MUFA intake activates synthetic and rapid catabolic pathways for TRL metabolism that involve apo E and apo C-III and suppresses the metabolism of more slowly metabolized VLDLs and IDLs, which do not contain these apolipoproteins.
INTRODUCTION
Dietary guidelines recommend reductions in dietary saturated fat intake to prevent or treat cardiovascular diseases (1, 2) . Either carbohydrate or monounsaturated fat (MUFA) may be replacements for saturated fat and could lower LDL cholesterol by nearly the same amount (3) . Carbohydrate intake generally increases plasma triglycerides and VLDL apolipoprotein (apo) B when it replaces fat in the diet, saturated or unsaturated (3) . The mechanisms for the differences in effects of carbohydrate and fat on apo B lipoproteins are incompletely understood. Some kinetic studies have shown that carbohydrates can stimulate the liver production of triglyceride (4 -6) and triglyceride-rich lipoprotein (TRL) apo B (7) (8) (9) , whereas other studies did not find these effects on triglyceride (9, 10) or TRL apo B (6, 10, 11) . Some studies found that carbohydrate, replacing fat, reduced the fractional catabolic rate (FCR) of VLDL apo B (6, 7, 11, 12) , whereas others did not (8 -10, 13) .
The metabolism of TRL depends a great deal on the content of apolipoproteins E and C-III. Apo E, found in a portion of VLDLs and intermediate-density lipoproteins (IDLs) (14, 15) , assists in the clearance of apo B lipoproteins by binding to cell surface receptors (16, 17) and proteoglycans (18) . Overexpression of apo E in apo C-III transgenic mice corrects apo C-III-induced hypertriglyceridemia (19) . On the other hand, apo C-III, present in the majority of VLDLs and IDLs (14, 15, 20) , retards the clearance of VLDLs by interfering with the binding of apo B-100 (21) or apo E to hepatic receptors (22, 23) and causes hypertriglyceridemia in animal models (19) . Previously, using immunoaffinity chromatography techniques to separate apo B lipoproteins according to their apo E and apo C-III content, we discovered that apo B lipoproteins with different apo E and apo C-III compositions have distinctive metabolic patterns in vivo in humans (24) . Our results suggest that possession of apo E is key to channeling TRLs toward direct removal from the circulation instead of proceeding by lipolysis to LDL formation.
The main purpose of the present study was to determine the mechanisms by which replacing dietary complex carbohydrate with MUFAs affects apo B lipoprotein kinetics. We hypothesized that major metabolic effects are likely to be mediated through apo E and apo C-III because of their crucial roles in regulating apo B lipoprotein metabolism.
SUBJECTS AND METHODS

Subjects
Twelve participants (n ҃ 7 men and 5 women) were recruited into the study. The subjects had a mean (Ȁ SD) age of 53 Ȁ 10 y, body mass index (in kg/m 2 ) of 28 Ȁ 5, fasting triglyceride concentration of 140 Ȁ 87 mg/dL, LDL-cholesterol concentration of 128 Ȁ 23 mg/dL, and HDL-cholesterol concentration of 51 Ȁ 26 mg/dL. Exclusion criteria included secondary hyperlipidemia; APO E2/E2, E4/E4, and E2/E4 genotypes; and the use of medications that affect lipid metabolism. The study was approved by the Human Subjects Committees at Harvard School of Public Health and Brigham and Women's Hospital. All participants gave informed consent.
Dietary protocol
The subjects were provided a whole-food based diet rich in complex carbohydrate (CHO diet) for 3 wk. About 12 mo later, they were provided a diet rich in MUFAs (MUFA diet) for 3 wk. Macronutrient composition of the 2 diets is listed in Table 1 . Contributions to total energy intake from protein, saturated fat, polyunsaturated fat and simple carbohydrate are the same between the 2 diets. The CHO diet included foods such as cereal products, vegetables, legumes, and nuts to provide energy from complex carbohydrates. On the other hand, the MUFA diet menu substituted complex carbohydrate with olive oil and fewer of these carbohydrate-rich foods to provide energy intake from MUFAs. The diets were formulated by the metabolic kitchen of the General Clinical Research Center at Brigham and Women's Hospital (Boston, MA). The ESHA nutrient database was used to design the diet, and the nutrient composition was validated by chemical determination (Covance, Madison, WI). Compared with the CHO diet, The MUFA diet had fewer calories from complex carbohydrate (31%) than did the CHO diet (48%); the MUFA content was increased from 8% to 24% in the MUFA diet.
Every weekday, the complete diets for the next 24 h or for the weekend were provided to the participants as outpatients, and they were required to eat one meal each weekday on-site, either lunch or dinner. Adherence to the diets was confirmed by daily interview. The subjects were asked not to consume alcoholic beverages or any other source of calories. Dietary energy levels were adjusted to reports of hunger or satiety and to trends in body weight that were measured every other day. Body weight stayed constant during the study period.
Tracer infusion
Tracer kinetic studies were performed immediately after 3 wk of the controlled diets. The participants received a priming dose of 4 L-phenylalanine leucine was also administered at the same time. We used 2 tracer techniques, mainly to reduce measurement errors. Our modeling results from this study, and previous ones (24) showed that both tracers, when modeled independently, gave similar parameter estimates. However, the combination of data from both tracers in the same model substantially lowered the CVs of the parameter estimates. Blood samples were collected every 30 min in the first 2 h after the infusion and hourly thereafter for a total of 14 h. To sustain a steady postprandial state, small hourly meals were consumed during the infusion protocol. The MUFA and CHO diets were divided into 12 portions to obtain the hourly intake level. Hourly food intake started 3 h before the tracer was administered. This type of protocol of frequent small meals has been used successfully by us and others (25, 26) .
Sequential immunoaffinity chromatography
Plasma samples were first incubated with an anti-apo E immunoaffinity column made from an affinity purified polyclonal antibody against human apo E (Academy-Biomedical, Houston, TX). The unbound fraction (EҀ) and the bound fraction (Eѿ) were then incubated with anti-apo C-III columns. This sequential immunoaffinity column procedure separated plasma into 4 immuno-fractions: those with both apo E and apo C-III (EѿCIIIѿ), those with apo E but not apo C-III (EѿCIIIҀ), those with apo C-III but not apo E (EҀCIIIѿ), and those without apo E or apo C-III (EҀCIIIҀ). Column efficiency is ͧ98% for both apo E and apo C-III. Validation studies were performed to evaluate the effects of freezing and storage of plasma, and they were found not to affect the subsequent immunoaffinity columns (15, 24) .
Ultracentrifugation
The 4 immuno-fractions were then centrifuged at 25 000 rpm on a Ti 25 rotor in an L8-70 M instrument (Beckman, Brea, CA) to isolate light VLDLs [Svedberg units of flotation (S f ) 60ȁ400], dense VLDLs (S f : 20ȁ60), IDLs (1.006ȁ1.025 g/mL), light LDLs (1.025ȁ1.032), and dense LDLs (1.032ȁ1.050) by a modification of the Lindgren method (27) . A density of 1.050 g/mL was selected as the cutoff for LDL to avoid contamination by Lp(a), which is concentrated at densities between Ȃ1.050 and Ȃ1.080 g/mL (28) .
Determination of lipids and apolipoproteins
Triglyceride and cholesterol concentrations were determined enzymatically with an Infinity kit (Thermo Electron, Melbourne, Australia). Concentrations of apo E, apo C-III, and apo B were determined by using sandwich enzyme-linked immunosorbent assay (ELISA) affinity-purified antibodies (Academy-Biomedical). Intraassay CVs for lipid and apolipoprotein measurements were 5%, and interassay CVs were 10% (15, 24) .
Measurement of apo B tracer enrichment and pool size
Apo B was precipitated from the lipoproteins with isopropanol, a norleucine internal standard was added, and the mixture was converted to volatile heptafluorobutyric acid derivatives as previously described (24, 29) . Under the dietary conditions of the study, there is a negligible contribution of apo B-48 to the precipitated apo B in the VLDL (5%) and LDL (1%) fractions. Tracer enrichment was measured on a 6890 gas chromatograph/ 5973 mass spectrometer (Hewlett-Packard, Palo Alto, CA) using negative chemical ionization and selective ion monitoring. Apo B mass was measured by comparing the ratio between the area under the leucine curve and the area under the norleucine curve with a standard curve of various leucine/norleucine ratios (30, 31) . Plasma total apo B concentrations were measured by ELISA and applied equally among the individual lipoprotein fractions to correct their apo B masses for loss. In all subjects, plasma apo B concentrations stayed constant during the infusion protocol, with 10% variation. Plasma volume (L) was assumed to be 4.4% of body weight (kg).
Model development and kinetic analysis
A multicompartment model was constructed to find the best fit to the observed data by using SAAM II software (SAAM Institute, Seattle WA). A diagram of the final model is shown in Figure 1 . In this model, a plasma amino acid forcing function was followed by an intracellular delay compartment, and the time required for the synthesis and secretion of apo B was accounted for.
Plasma apo B lipoproteins were represented by 18 compartments separated in density by ultracentrifugation and in apolipoprotein content by immunoaffinity chromatography. Concentrations of light and dense LDLs with apo E but not apo C-III were generally below detection limits, and these subfractions were not studied.
We allowed direct secretion into each plasma compartment as well as direct clearance from the circulation. Metabolism of plasma apo B lipoproteins includes conversion of larger particles to smaller ones. Modeling results suggested that for apo B lipoproteins with the same apo E and apo C-III composition, stepwise delipidation fit best to the data (eg, EѿCIIIѿ VLDL 3 EѿCIIIѿ IDL 3 EѿCIIIѿ light LDL). In addition, we also tested conversion pathways among lipoproteins with different apo E and apo C-III compositions and found that some were required to best fit the data. For example, conversion from EҀCIIIѿ light VLDLs to EҀCIIIҀ dense VLDLs represents such a pathway and indicates that, during lipolysis, some EҀCIIIѿ light VLDLs lose all of their apo C-III content and are converted to dense VLDLs without apo C-III. When evaluating these potential conversion pathways between apo B lipoproteins with different apo E and apo C-III compositions, we first compared the enrichment curves of the originating and destination compartments to eliminate pathways that prohibit a precursorproduct relation ( Figure 2) . Next, qualified pathways were added to the existing model one by one and were fitted to the data. Pathways for which rate constants were zero or negligible were eliminated. Average particle size and triglyceride content were also taken into consideration when evaluating such a pathway.
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After the model structure was established by the mean tracer and tracee data of all subjects, each participant's data were fitted individually to obtain the parameter values. For each individual, both [D 5 ] L-phenylalanine and [D 3 ]L-leucine tracer data were included in the same model, and the data were solved simultaneously by making the rate constants equal for leucine and phenylalanine experiments. Thus, for each participant a single set of rate constants was produced. This model was able to generate excellent fits to tracer and tracee data for both tracers. Fitting of apo B mass data were also excellent (not shown). The CVs for most parameter estimates were 25%, and for the major pathways usually 15%.
Statistical analysis
Data were analyzed by using SAS (version 9.1; SAS Institute, Cary, NC), and the results are presented as means Ȁ SDs unless specified otherwise. A paired t test was used for within-person, between-diet comparisons. A P value ͨ0.05 is considered statistically significant. All P values given were 2 sided.
RESULTS
MUFA diet selectively increases VLDL-and IDLcontaining apo E and apo C-III
Apo B plasma pool sizes separated according to lipoprotein density and apolipoprotein composition are shown in Figure 3 . Concentrations of light VLDLs, dense VLDLs, IDLs, and light LDLs containing both apo E and apo C-III (EѿCIIIѿ) were 60 -75% higher with the MUFA diet than with the CHO diet (P 0.05 for all). On the other hand, concentrations of VLDLs and IDLs without apo E or apo C-III (EҀCIIIҀ), especially dense VLDLs, were lower with the MUFA diet than with the CHO diet. Concentrations of light VLDLs containing apo C-III but not apo FIGURE 2. Mean (Ȁ SEM) tracer/tracee ratios of [D 3 ]leucine in VLDL and IDL (A) and in LDL (B) subfractions in response to the diet high in complex carbohydrate (CHO diet) and in response to the diet high in monounsaturated fat (MUFA diet) in 12 subjects. EѿCIIIѿ (F) indicates apo B lipoproteins with both apo E and apo C-III; E-CIIIѿ (OE) indicates apo B lipoproteins with apo C-III but no apo E; EѿCIIIҀ (f) indicates apo B lipoproteins with apo E but no apo C-III; and EҀCIIIҀ (ࡗ) indicates apo B lipoproteins with no apo E or apo C-III. Light VLDL (Svedberg units of flotation: 60ȁ400), dense VLDL (S f : 20ȁ60), IDL (1.006ȁ1.025 g/mL), light LDL (1.025ȁ1.032 g/mL), dense LDL (1.032ȁ1.050 g/mL). E (EҀCIIIѿ) were lower with the MUFA diet than with the CHO diet (P 0.05). Finally, the vast majority of LDL particles did not contain either apo E or apo C-III (EҀCIIIҀ), and their pool sizes were similar for the 2 diets. Total plasma apo B masses were also similar between the MUFA and CHO diets during the study period (x Ȁ SD: MUFA diet, 2347 Ȁ 167; CHO diet, 2171 Ȁ 268 mg; P ҃ 0.50).
MUFA diet selectively increases secretion into plasma of VLDLs and IDLs containing apo E and apo C-III
Direct secretion rates of apo B lipoproteins into plasma are shown in Figure 4 . Although total apo B secretion rates were similar with the 2 diets (CHO diet: 9.8 Ȁ 1.0 mg⅐d Ҁ1 ⅐kg Ҁ1 ; MUFA diet: 10.9 Ȁ 0.4 mg⅐d Ҁ1 ⅐kg Ҁ1 ; NS), the MUFA diet increased 4-fold the secretion rates of light and dense VLDLs with both apo E and apo C-III: light VLDLs (0.27 Ȁ 0.05 and 1.50 Ȁ 0.13 mg⅐d Ҁ1 ⅐kg Ҁ1 with the CHO and MUFA diets, respectively) and dense VLDLs (0.37 Ȁ 0.06 and 1.44 Ȁ 0.22 mg⅐d Ҁ1 ⅐kg Ҁ1 with the CHO and MUFA diets, respectively; P 0.05 for both). Thus, the percentage of VLDL secreted with apo E and apo C-III increased from 12 Ȁ 3% to 43 Ȁ 6% when MUFA replaced carbohydrate (P 0.05). On the other hand, the secretion rate of light and dense VLDLs without apo E or apo C-III was lower (P 0.05) with the MUFA diet (18 Ȁ 3% of total VLDL secretion) than with the CHO diet (44 Ȁ 8% of total VLDL secretion). The secretion of VLDL containing apo C-III but not apo E was not affected by dietary changes (CHO diet: 42 Ȁ 10%; MUFA diet: 37 Ȁ 11%; NS). The MUFA diet affected the secretion of IDL in a manner similar to the way it affected VLDL, with a significantly higher secretion of IDL EѿCIIIѿ and a lower secretion of IDL EҀCIIIҀ (Figure 4 ). In contrast, there were no significant dietary effects on LDL secretion rates. Finally, the model-predicted intracellular assembly time before secretion for apo B lipoproteins was also similar between the 2 diets (MUFA diet: 22 Ȁ 10 min; CHO diet: 17 Ȁ 6 min; NS).
MUFA diet increases VLDL fractional catabolic rates
The MUFA diet increased the FCR of light VLDL types with apo E or apo C-III, ie, EѿCIIIҀ, E-CIIIѿ and EѿCIIIѿ ( 
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FIGURE 4. Mean (Ȁ SD) direct secretion rates into plasma (n ҃ 12) of light VLDL, dense VLDL, IDL, and LDL apo B lipoproteins according to their apo C-III and apo E content in response to the diet high in complex carbohydrate (CHO diet) and in response to the diet high in monounsaturated fat (MUFA diet) in 12 subjects. Secretion of EѿCIIIҀ represented 1% of total apo B lipoproteins with both diets and thus was not included.
* Significantly different from the CHO diet, P 0.05 (paired t test).
respectively (P 0.05). In addition, similar to our previous findings (24) , apo C-III containing lipoproteins, including both EҀCIIIѿ and EѿCIIIѿ, generally had a higher FCR than did lipoproteins without apo E or apo C-III. This was true for both types of diets and was observed in light VLDL, IDL, and LDL fractions.
Apo E content determines the direction of apo B flux
Our results suggest that once apo B lipoproteins entered the circulation, their pattern of metabolism was largely determined by their apo E and apo C-III contents. This was observed with both diets. The rate constants and flux distribution of plasma apo B lipoproteins with both diets are shown in Figure 6 . Flux distribution data (percentages in parentheses in Figure 6 ) showed that VLDLs and IDLs without apo E or apo C-III were almost exclusively converted to LDLs through lipolysis in a stepwise manner. Less than 2% of EҀCIIIҀ VLDLs and IDLs were removed from the circulation. Similarly, few apo B lipoproteins with apo C-III but not apo E underwent direct removal, and the vast majority of EҀCIIIѿ VLDLs were converted to LDLs either with or without apo C-III. With both diets, 50% of EҀCIIIѿ VLDLs lost their apo C-III content during lipolysis and were converted to EҀCIIIҀ IDLs and LDLs. In contrast, VLDLs and IDLs containing apo E had a distinctively different pattern that favored direct clearance. For example, 92% and 83% of light VLDLs containing apo E but not apo C-III were removed from circulation with the MUFA and CHO diets, respectively, and thus were more than half of light VLDL EѿCIIIѿ (MUFA diet: 55%; CHO diet: 64%). During lipolysis, small amounts of EѿCIIIѿ VLDLs lost their apo E or apo C-III content, or both, and were converted to EѿCIIIҀ or E-CIIIѿ LDL. However, compared with direct clearance, these were relatively minor pathways for EѿCIIIѿ VLDL.
MUFA diet shifts flux of TRL apo B from conversion to LDL to direct clearance
The MUFA diet increased the direct clearance of total light VLDL to 19% (0.60 Ȁ 0.13 mg⅐d Ҁ1 ⅐kg Ҁ1 ) from 9.2% (0.20 Ȁ 0.06 mg⅐d Ҁ1 ⅐kg Ҁ1 ) during the CHO diet (P 0.05). This was also true for dense VLDLs (MUFA diet: 17.2%; CHO diet: 8.4%; P 0.05) and for IDLs (MUFA diet: 5.7%; CHO diet: 3.1%; P ҃ 0.07). Thus, the percentage of VLDL and IDL flux undergoing direct clearance during the MUFA diet was more than twice that during the CHO diet. The percentage changes in flux rates when carbohydrate was replaced with MUFAs are summarized in Figure 7 . Secretion of apo B into EѿCIIIѿ VLDLs and IDLs increased with the MUFA diet, resulting in increased direct clearance. On the other hand, the secretion of EҀCIIIҀ VLDLs and IDLs decreased with the MUFA diet, resulting in decreased conversion of EҀCIIIҀ TRL to EҀCIIIҀ LDL.
MUFA diet affects LDL production through VLDL and IDL lipolysis
Plasma LDLs come from 2 sources: direct secretion of LDLs and lipolysis of circulating plasma VLDLs and IDLs. The contributions to LDL production from both pathways are shown in Figure 8 . Lipolysis of VLDLs and IDLs contributed to the production of about two-thirds of EҀCIIIҀ LDLs with both diets (Figure 8 ; upper left panel), whereas the contribution from direct secretion to EҀCIIIҀ LDL production made up the rest. Although total LDL production rates were similar with the 2 diets, contributions from each lipolysis pathway were different. For example, Ȃ17% of EҀCIIIҀ LDLs were products of lipolysis from VLDLs and IDLs of the same type (EҀCIIIҀ) with the MUFA diet compared with 36% with the CHO diet (P 0.05). On the other hand, lipolysis of EҀCIIIѿ VLDLs and IDLs contributed 41% of production of EҀCIIIҀ LDL with the MUFA diet compared with 27% with the CHO diet (P 0.05). Finally, lipolysis of EѿCIIIѿ VLDLs and IDLs contributed 8.5% of EҀCIIIҀ LDLs with the MUFA diet compared with 1% with the CHO diet (P 0.05). Lipolytic conversion also contributed to the production of the majority of EҀCIIIѿ LDL (Figure 8 ; upper right panel). Because of the significantly increased secretion of EѿCIIIѿ VLDLs and IDLs, lipolytic conversion from EѿCIIIѿ TRL to EҀCIIIѿ LDL was significantly higher with the MUFA diet than with the CHO diet. There was also a similar trend for the production of EѿCIIIѿ LDLs from EѿCIIIѿ TRL (P ҃ 0.10) (Figure 8 ; bottom left panel).
MUFA diet lowers apo C-III and apo E content per particle in VLDL and IDL
Concentrations of apo E and apo C-III associated with VLDL particles were significantly higher with the MUFA diet: VLDL apo E (CHO diet: 0.87 Ȁ 0.4 mg/dL; MUFA diet: 1.69 Ȁ 0.5 mg/dL), VLDL apo C-III (CHO diet: 3.32 Ȁ 1.4 mg/dL; MUFA diet: 5.63 Ȁ 2.3 mg/dL; both P 0.05). On the other hand, apo E and apo C-III in HDLs were significantly lower with the MUFA diet (data not shown), so that plasma total apo E and apo FIGURE 6. Average rate constants and flux distribution of apo B lipoproteins in response to the diet high in complex carbohydrate (CHO diet; A) and in response to the diet high in monounsaturated fat (MUFA diet; B) in 12 subjects. Ovals represent apo B lipoprotein fractions separated by apo C-III and apo E contents and by density; the numbers inside the ovals indicate the plasma pool sizes (mg). The dotted lines represent the direct secretion into plasma of each lipoprotein type, and the numbers next to the dotted lines indicate the percentages of total apo B secretion into each fraction. The solid arrows connecting the 2 plasma lipoprotein compartments represent the lipolytic conversion from the originating compartment to the receiving compartment. Arrows exiting a compartment without going into another compartment represent direct removal pathways. Numbers next to these conversion or removal pathways indicate the average rate constant (pools/d) of each pathway, and percentages inside parentheses indicate the mean relative proportion of apo B flux rates out of each originating compartment (n ҃ 12). * Significant difference between the CHO and the MUFA diets, P 0.05 (paired t test). CIII contents were not affected. Increased apo E and apo CIII concentrations in VLDLs with the MUFA diet reflected increased apo B concentrations of VLDLs and IDLs that contain apo E, apo C-III, or both ( Figure 3 ) and were not a result of increased apo E and apo C-III content per particle. In fact, the number of apo E and apo C-III molecules per particle (apo B) in VLDLs and IDLs decreased with the MUFA diet (Figure 9) . On the other hand, concentrations of apo E and apo C-III associated with LDL were similar between the 2 diets (data not shown). Concentrations of VLDL triglyceride, cholesterol, and apo B were also similar between the 2 diets, as were the molar ratios of triglyceride and cholesterol per apo B.
Plasma lipids and apolipoproteins
Fasting plasma lipid and apolipoprotein concentrations measured at the end of each dietary intervention were generally similar between the 2 diets: total apo B (CHO diet: 85 Ȁ 18 mg/dL; MUFA diet: 80 Ȁ 19 mg/dL), total triglyceride (CHO diet: 144 Ȁ 27; MUFA diet:140 Ȁ 39 mg/dL), total cholesterol (CHO diet: 148 Ȁ 21; MUFA diet:168 Ȁ 24 mg/dL), HDL cholesterol (CHO diet: 55 Ȁ 19; MUFA diet: 60 Ȁ 15 mg/dL), total apo E (MUFA diet: 7.1 Ȁ 2.0; MUFA diet: 6.9 Ȁ 2.2 mg/dL), and apo C-III (CHO diet: 16.2 Ȁ 5.0; MUFA diet:14.7 Ȁ 6.2 mg/dL) (all NS).
DISCUSSION
In this study we examined the metabolic effects of replacing 17% of total daily energy intake from complex carbohydrate with MUFAs. Both diets are low in saturated fat, high in fiber, and utilize mainly low glycemic foods and should be considered healthy versions of both diet types. In this context, replacing complex carbohydrate with MUFA significantly changed key aspects of apo B lipoprotein metabolism that involve apo E and apo C-III. MUFAs selectively stimulate the secretion of TRLs containing apo E and suppress the secretion of those without apo E or apo C-III. As a result, MUFAs shorten the overall residence time in circulation of VLDL particles and doubles the direct clearance of TRLs from the circulation. The production and clearance rates of LDL are not significantly altered.
The results of the present study lend further support to our previous observations that apo E and apo C-III are crucial regulators of apo B lipoprotein metabolism (24) . Our previous study was conducted in the fasting state after 3 wk of the same MUFArich diet used in the present study, which was conducted in the postprandial state. We showed that apo E is key to direct clearance. The majority of apo B lipoproteins containing apo E undergo direct removal and have a low tendency for LDL formation. On the other hand, apo C-III antagonizes this function of apo E, diverting particles to lipolysis and LDL formation instead. Particles with both apo C-III and apo E experience have a lower clearance than do particles with apo E but not apo C-III; particles with apo C-III but not apo E have minimal direct clearance and are metabolized quickly to LDLs. In addition, TRLs without apo E or apo C-III exhibit slow lipolysis and almost no clearance and are metabolized into LDLs. The present study confirms these findings for both a high-carbohydrate diet and a high-MUFA diet and extends them to the postprandial state and further shows that dietary intervention acts within the same fundamental structure of apo B lipoprotein metabolism dominated by apo E and apo C-III.
Data from this study suggest that controlling apo E and apo C-III composition of VLDL during secretion may be a means of regulating plasma apo B lipoprotein metabolism. The results of both our previous study and the present study suggest that the liver and perhaps the small intestine are capable of secreting VLDL with various apo E and apo C-III compositions (24) . Because of the crucial functions of apo E and apo C-III in regulating plasma apo B lipoprotein metabolism, variations in the secretion pattern also significantly affect the flux of TRLs in circulation, as expected. Our results suggest that substituting dietary complex carbohydrate with MUFAs changes the secretion pattern of apo B lipoproteins. MUFA intake dramatically increased the secretion of TRLs with both apo E and apo C-III and halved the secretion of TRLs without apo E or apo C-III, leading to increased TRL clearance. The underlying intracellular mechanisms responsible for these changes are unknown. The size and lipid composition of TRLs do not seem to be affected by the exchange of carbohydrate for MUFAs. The increase in VLDL apo E and apo C-III concentrations was mainly due to increased numbers of apo E or apo C-III containing VLDLs and was not due to an increase in the apo E or apo C-III content per particle. In fact, apo E and apo C-III contents decreased in some TRLs. Therefore, it appears that apo E and apo C-III are distributed to more apo B lipoproteins during the secretion process when an MUFA-rich diet is consumed.
These changes in TRL metabolism involving apo E and apo C-III may have direct consequences in vascular biology in addition to their effects on lipoprotein metabolism. Our recent work showed that apo C-III found in VLDLs or LDLs can increase monocyte adhesion to human endothelial cells in a vascular cell adhesion molecule-1-dependent manner (32, 33) . Apo C-III also activates nuclear transcription factor B, protein kinase C, proinflammatory transcription factors, and signaling molecules in both monocytes and endothelial cells (34) . Thus, the accumulation of light VLDLs containing apo C-III but not apo E during a high-carbohydrate diet may increase the risk of proinflammatory mechanisms and atherogenesis. On the other hand, it is unclear whether an increase in VLDLs with both apo C-III and apo E during an MUFA diet confers any additional risk of cardiovascular disease, because this type of VLDL has a high tendency for direct clearance and short residence time in circulation.
The effects of carbohydrate feeding were examined in some earlier kinetic studies. Nestel et al (12) first studied the effects of sucrose feeding (55% of total energy intake) in healthy subjects and found reduced VLDL apo B FCRs and no changes in VLDL apo B secretion rates. Similar results were observed by Melish et al (6) and Ginsberg et al (11) , who studied the replacement of a high-fat liquid formula with a high-carbohydrate (80% of energy) dextrin formula. On the other hand, Stacpoole et al (8) reported that high glucose feeding (90% of total energy intake) did not change the FCR of VLDL apo B (8); total apo B secretion rates were also not affected, but there was a shift in the secretion pattern from small VLDL to large VLDL particles. Several groups also studied the effects of carbohydrate feeding using diets based on whole foods (7, 9, 10, 13) , and most of these studies found no significant changes in VLDL apo B secretion rates or FCRs (9, 10, 13). However, Huff and Nestle (7) observed a significant increase in plasma VLDL concentrations with a high-carbohydrate diet, because of both a decreased clearance and increased production of VLDLs. Because of major differences in the composition of the diets, study duration, and tracer labeling techniques among these studies, some inconsistencies in results were not unexpected. Our finding that substituting dietary MUFA with carbohydrate does not significantly alter total apo B or VLDL apo B secretion rates but decreases overall VLDL apo B FCRs agrees with most, but not all, previous kinetics studies.
The fact that both diets in the present study provided recommended levels of saturated fat, protein, cholesterol, fiber, fruit, vegetables, and minerals has important implications in the interpretation of the results. We did not test our hypothesis against an unhealthy high-saturated-fat control diet; thus, our findings strictly pertain to 2 alternative healthy dietary patterns: one rich in carbohydrate (65% of total energy) and poor in fat (20% of total energy) and the other rich in MUFAs (20% of energy). It is unknown whether the observed changes to apo B lipoprotein kinetics are specific to MUFAs. It has been reported that dietary fat saturation could affect LDL apo B kinetics in humans (13, 35) and in guinea pigs (36, 37) . It remains to be investigated whether replacing dietary carbohydrate with polyunsaturated fat or saturated fat could affect apo E-and apo C-III-dominated apo B lipoprotein metabolism in a manner similar to that of MUFAs.
In addition, this study used an isocaloric feeding protocol, and dietary energy levels were adjusted to reports of hunger or satiety and to trends in body weight. As a result, body weights were held constant throughout the study. Therefore, our study compared the direct effects of macronutrient substitution on apo B metabolism without the confounding effects of weight loss.
One limitation of this study was that, for logistical reasons, we did not use a randomized crossover study design. The carbohydrate diet was consumed by the participants 12 mo, on average, before the MUFA diet. We thus cannot rule out the possibility of a bias due to issue order effects. Because of the relative short duration between dietary protocols, we do not expect age to be a confounder of our results. In fact, we measured body weight as well as blood lipid and lipoprotein concentrations before the start of each dietary protocol and found them to be similar. It also remains to be investigated whether our conclusions regarding the crucial functions of apo E and apo C-III in regulating apo B-100 metabolism also apply to apo B-48 lipoproteins.
In summary, this study showed that replacing dietary complex carbohydrate with MUFAs activates synthetic and rapid catabolic pathways for TRL metabolism that are mediated through apo E and apo C-III and suppresses the secretion of more slowly metabolized types of VLDLs and IDLs that do not contain these apolipoproteins. The critical involvement of apo E and apo C-III may aid in understanding the mechanisms responsible for the well-known effects of MUFAs and complex carbohydrates on plasma lipids and lipoproteins.
